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Rapid species radiations can provide insight into the process of speciation and 
diversification. Chrysoperla carnea, the common green lacewing, was once thought to be a 
single insect species with a near worldwide distribution. Species-specific vibrational mating 
songs revealed more than twenty morphologically cryptic species in the Chrysoperla carnea-
group. Rapid diversification in this clade seems to have been driven, at least in part, by their 
precise substrate-borne vibrational duets performed prior to copulation. In this dissertation, I 
examine speciation in the Chrysoperla carnea-group by reconstructing the evolutionary history 
of the clade and identifying the genomic basis of a mating song trait critical to the maintenance 
of species boundaries in this group.  
In Chapter 1, I assemble and annotate a de novo reference genome of Chrysoperla carnea 
sensu stricto, the first available for a neuropteran insect. In Chapter 2, I infer the evolutionary 
history of the carnea-group using reduced representation genome sequencing. Resolved species 
relationships indicate repeated phenotypic radiations, with multiple parallel evolution of 
ecomorphs on different continents. These analyses also reveal a history of hybridization in the 
clade. In Chapter 3, I identify a single large genomic region associated with the mating song 
feature ‘volley period,’ using QTL mapping. This genomic region contains several candidate 
genes for lacewing song phenotype, including the gene doublesex, which is critical to song 
production in Drosophila. Additionally, I demonstrate strong genetic linkage between volley 
period phenotype and preference for volley period. Overall, this dissertation advances our 
understanding of carnea-group lacewing diversification and speciation. 
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Draft genome assembly for the common green lacewing Chrysoperla carnea 
Katherine L Taylor, Elizabeth Wade, Charles Henry, Jill Wegrzyn 
Context: 
Neuroptera is a holometabolous insect order comprising the lacewings, antlions, owlflies, 
and some 14 other families. This diverse order, found nearly worldwide, encompasses 5,813 
described species (Oswald & Machado, 2018).Yet, the only nuclear genomic resources available 
for neuropteran insects are transcriptomes (Li et al., 2013). The present project constructed and 
annotated the first nuclear genome assembly to assist investigations related to the biology of the 
Neuroptera broadly and more specifically on the common green lacewing Chrysoperla carnea 
(Stephens) (NCBI:txid189513) (Fig. 1). The common green lacewing is among the most 
extensively studied insects in the order Neuroptera, due to its use as a non-model evolutionary 
study system and its importance as a natural enemy of arthropod agricultural pests.  
Larvae of Chrysoperla are important generalist predators used in the biological control of 
agricultural pests including aphids, whiteflies, and other soft-bodied arthropods (Senior et al., 
2001). Their oligophagous nature, amenability to mass rearing and release, and resistance to 
multiple classes of insecticides make them well suited to use in integrated pest management 
plans (Bielza, 2016; Pappas et al., 2011). There are active research programs investigating 
mechanisms underlying pesticide resistance in these insects, motivated by the more than 160 
reports of Chrysoperla carnea populations developing resistance to 22 different active 
compounds found in insecticides (Mansoor & Shad, 2019; Mota-Sanchez & Wise, 2019; 
Venkatesan et al., 2017). Understanding the genetic basis of pesticide resistance is one way the 
genomic resource presented here might be used to improve the biological control of insect pests. 
The genome might also be useful for elucidating the genetic basis of geographically varying life 
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history traits relevant to their role as predators such as dietary preference and thermal tolerance 
(Henry & Wells, 2007). 
These lacewings have also been used to address varied questions in evolution, ecology, 
and behavior. Chrysoperla carnea is a member of a cryptic lacewing species complex, which has 
recently and rapidly radiated apparently due to isolation by pre-mating substrate-borne 
vibrational duets (Henry et al., 2013). Neuroptera is one of few insect groups with described 
widespread use of this communication form (Virant-Doberlet & Cokl, 2004). Seemingly because 
of signal-mediated isolation the species closely related to Chrysoperla carnea, despite being 
interfertile, have evolved differences in life cycle timing and ecological niche (Tauber & Tauber, 
1977; Thierry et al., 2011). Their amenability to mass rearing, ability to produce fertile hybrids, 
and 1-month generation time make them a tractable emerging model system. With appropriate 
genomic resources for Chrysoperla carnea researchers could address the genomic architecture of 
speciation (Noh & Henry, 2015), the evolutionary history of Chrysopidae and Chrysoperla, how 
selective and non-selective forces shape the genome (Henry & Wells, 2004), and the genetics of 
life-cycle switches (Duelli et al., 2014; Tauber & Tauber, 1977), ecological specialization 
(Thierry et al., 2011), and mating song diversity (Henry et al., 2013). 
Methods and results:  
Sample preparation and sequencing: 
The insects were sourced from an inbred lab-reared colony of Chrysoperla carnea, established 
with wild-caught individuals from Zürich, Switzerland. All sequence library preparation and 
sequencing was completed by the Interdisciplinary Center for Biotechnology Research at the 
University of Florida. DNA of a single individual, extracted with a DNeasy Blood & Tissue kit 
(Qiagen, Hilden, Germany), was used to construct the paired end (PE) Illumina DNA library 
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with an average insert size of 413 base pairs (bp). The library was sequenced on one lane of an 
Illumina HiSeq 4000 (Illumina Inc., San Diego, CA, USA) which resulted in over 330 million 
150 bp PE reads. DNA from multiple siblings was pooled after whole body extraction to yield 
sufficient quantity for SMRT bell library preparation. The long read library was SMRT 
sequenced on four cells of a Pacific Biosciences Sequel System (Pacific Biosciences, Menlo 
Park, CA, USA). Long read sequencing efforts produced 307,542 polymerase reads with a mean 
length of 9.5 Kb.  
Nuclear genome assembly: 
Adaptor contamination and low quality regions were trimmed from the Illumina short 
reads using ILLUMINACLIP:2:30:10:4, SLIDINGWINDOW:4:20, and MINLEN:45 functions 
of Trimmomatic 0.36 (Bolger et al., 2014). Contaminant reads were filtered based upon 
similarity to bacterial and fungal genomes on NCBI RefSeq with Kraken 1.0 (Wood & Salzberg, 
2014). After quality control, 214 million 150 bp PE reads remained for assembly, yielding 
theoretical 100x genome coverage.  
Genome characteristics were estimated based on k-mer counts produced by the BBtools 
kmercountexact script (Bushnell, n.d.) for k-mer sizes 21, 23, 25, 27, and 29 (Fig. 2). The 
average genome size estimated from the trimmed reads was 645 MB while the average 
heterozygosity was 1.7%. 
Short reads were assembled using four software packages. The MaSuRCA 3.2.4 (Zimin 
et al., 2013) assembler, a combined deBruijn graph and Overlap-Layout-Consensus hybrid 
approach, was run on the untrimmed short reads with default parameters except 
cgwErrorRate=0.10 and resource allocation parameters. ABySS 2.0.2 (Simpson et al., 2009) and 
SOAPdenovo 2.04 (Luo et al., 2012), two deBruijn graph short read assemblers for moderately 
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sized eukaryotic genomes, were run with default parameters on the trimmed short read set at 
increasing k-mer sizes until assembly statistics (length and N50) plateaued; the k-mer sizes used 
ranged from 37 –121. SPAdes 3.11.1 (Bankevich et al., 2012), a deBruijn graph short read 
assemblers designed for bacterial and other small genomes was run with default parameters on 
the trimmed short read set with default settings and k-mer sizes 37, 53, 71, 93, 101, 107, 113, 
121, and 127. All assemblies were assessed with Quast (4.2) (Mikheenko et al., 2016). The 
longest and most contiguous assembly from each assembler was selected for scaffolding and 
heterozygosity reduction (Table 1).   
The low coverage (<5x) PacBio long reads were prepared for scaffolding with circular 
consensus sequencing (CCS) for error rate reduction; CCS reads were generated from at least 
five sequencing passes and with predicted base calling accuracy of at least 0.9 in the PacBio 
SMRT portal version 7. A total of 122 CCS reads with an average length of 4.9Kb resulted. The 
reads were compared to the RefSeq database via BLAST 2.7.1 (Camacho et al., 2009) to identify 
contaminant sequences. The bacterial, fungal, and viral reference assemblies with the most 
BLAST alignments (> 50 bp and E-values < 0.001) were downloaded. The metaquast.py script 
from Quast 5.0.2 (Mikheenko et al., 2015) detected alignments greater than 150 bp between the 
CCS reads and the potential contaminant genomes. A total of 105 reads, with an average length 
of 4.1Kb and estimated coverage of  < 1x, remained for scaffolding. 
The best assembly from each of the short read assemblers was heterozygosity reduced 
and scaffolded with the CCS long reads using the Redundans pipeline (Pryszcz & Gabaldón, 
2016). Homologous contigs from separately assembled heterozygous regions were identified 
from read depth and alignment similarity, and the smaller of the redundant contigs were 
removed. Iterative mapping of the CCS and short reads to the reduced assembly provided the 
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scaffolding input for SSPACE3 (Boetzer et al., 2010). Following scaffolding, gaps were filled 
with GapCloser (Luo et al., 2012). 
 The scaffolded assemblies were evaluated with Quast 4.2 (Mikheenko et al., 2016). The 
Redundans pipeline decreased the length and increased the N50 for all assemblies (Table 1). The 
assembly produced by MaSuRCA and heterozygosity-reduced and scaffolded by Redundans was 
the most contiguous of the assemblies and closest to the estimated genome size; it therefore was 
selected for subsequent annotation. Before annotation, scaffolds with complete or partial origin 
from contaminants or the mitochondrial genome were removed following the procedures 
described above for the CCS reads. The final assembly was 616 Mb with an N50 of 26.1Kb 
represented by 40,501 contigs. Conserved single-copy orthologous genes in the BUSCO 
insecta_odb9 database were identified with BUSCO 3.0.2 using the tribolium2012 gene finding 
parameters for Augustus (Waterhouse et al., 2017). Of the 1658 genes in the database, 95.2% 
were found compete in the assembly (Table 2). 
Nuclear genome annotation: 
A consensus library of interspersed repetitive content was constructed with 
RepeatModeler 1.0.8 (Smit & Hubley, 2008) Alignment of this library with RepeatMasker 4.0.6 
(Smit et al., 2004) softmasked 40.5% of the reference genome. Two publicly available RNA-Seq 
data sets from very closely related species were aligned using default parameters to the masked 
final assembly using HiSat 2.1.0 (Kim et al., 2015). The first, BioProject PRJNA324742, 
contained 100 million 150 bp pe reads from whole body extracted RNA from larvae of 
Chrysoperla zastrowi sillemi (Esben-Petersen) (NCBI:txid482137) sequenced on an Illumina 
HiSeq 2500, of which 67% of the reads aligned to the reference genome. The second, 64 million 
90 bp pe reads from BioProject PRJNA267467, from Chrysoperla nipponensis (Okamoto) 
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(NCBI:txid413239) adult antenna sequenced on Illumina HiSeq 2000, resulted in a 59% read 
alignment rate. 
BRAKER 2.0.5 (Hoff et al., 2015) was used to predict gene space and features using 
RNA-Seq evidence with GeneMark-ET (Lomsadze et al., 2014) and Augustus (Stanke et al., 
2006). BRAKER identified 30,670 gene models. These gene models were annotated with the 
EnTAP pipeline (Hart et al., 2018), which mines for functional information from multiple 
databases and lines of evidence. Homology between translated proteins from the gene models 
and the annotated proteins in the RefSeq and UniProt databases was determined with a similarity 
search by DIAMOND (Buchfink et al., 2015). Alignments with E-values < .0001 that covered 
60% or more protein length were considered homologous and used for functional annotation. 
Similarity searching produced potential annotations for 16,202 genes and flagged 125 gene 
models as potential bacterial or fungal contaminants. Gene families, gene ontology terms, and 
protein domains were identified for the gene model protein set by EggNOG-mapper (Huerta-
Cepas et al., 2017) hits to the EggNOG database and InterProScan 74.0 (Jones et al., 2014) hits 
to the Pfam and SMARTdatabases. This process resulted in 24,363 genes with identified family 
assignments, gene ontology terms, or protein domains. Gene models that were both (i) without at 
least one identified protein domain, gene ontology term, or family assignment and (ii) beginning 
or ending with an intron, lacking start or stop codon, or with more than one in-frame stop codon 
or (iii) EnTAP-flagged contaminant genes were removed from the gene set. Of the 30,670 gene 
models produced by BRAKER, 28,842 genes models were retained in the final gene set. In the 
final set of 28,842 genes, 85.3% are complete. Gene statistics were calculated by gFACs 
(Caballero & Wegrzyn, 2019) (Table 3).  
Mitochondrial genome assembly and annotation 
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The mitochondrial genome was assembled by iterative mapping of the trimmed reads by 
MITObim (Hahn et al., 2013) using the Chrysoperla nipponensis mitochondrial genome 
accession KP027407 (Haruyama et al., 2011) as a reference. The assembly was circularized by 
identifying overlap between the two ends of the contig and correct circularity was confirmed by 
mapping reads back across the joined ends using AWA (Jacob Machado et al., 2018). This 
resulted in a 16 Kb circular genome with 21.2% GC content (Table S1). This assembly covers 
the full length with 98.5% similarity to the closely related Chrysoperla nipponensis 
mitochondrial genome accession KP027407 (Haruyama et al. 2011). Notably, this assembly has 
a gene order shift from the standard insect mitochondrial genome (trnW-trnC-trnY → trnC-
trnW-trnY) which has been found in the mitochondrial genomes of other neuropteran insects 
(Beckenbach & Stewart, 2008). 
Comparative genomic assessment: 
Orthogroups were inferred for the Chrysoperla carnea gene set, a whole body 
transcriptome from a neuropteran insect Chrysopa pallens (Rambur) (NCBI:txid 417485 
BioProject PRJNA186574), and full-length representative genome assemblies of seven 
coleopterans, Neuroptera’s closest relative with genomic resources. The beetle gene sets were, 
Tribolium castaneum (ID: 216 NCBI:txid7070), Nicrophorus vespilloides (ID: 40824 
NCBI:txid110193), Onthophagus taurus (ID: 12827 NCBI:txid166361), Dendroctonus 
ponderosae (ID: 11242 NCBI:txid77166), Anoplophora glabripennis (ID: 14033 
NCBI:txid217634), Agrilus planipennis (ID: 12835 NCBI:txid224129), and Diabrotica virgifera 
(ID: 17855 NCBI:txid 50389). Orthogroups were identified with Orthofinder 2.1.2 (Emms & 
Kelly 2018).  In neuropteran resources, relative to the coleopteran genomes, 199 orthogroups 
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were expanded, 50 were contracted, 1860 were missing, and 1,267 were novel (Figure 3). Using 
the longest C. carnea gene in each group, gene ontology terms were associated with orthogroups.  
To explore the genomic basis of substrate-borne vibrations courtship in Neuroptera, gene 
ontology terms within mating behavior were identified in orthogroups that were expanded, 
contracted, or novel in both of the neuropteran resources. Courtship behavior terms were 
associated with two of the expanded orthogroups. One of these expanded orthogroup was 
associated with GO:0016545-male courtship behavior, veined wing vibration. For both of these 
expanded orthogroups associated with mating behavior six of seven beetles had a single gene in 
the orthogroup while each of the neuropteran resources had two, suggesting either duplication in 
Neuroptera or gene loss in Coleoptera.  
Conclusions 
We provide a high quality draft genome for Chrysoperla carnea. The assembly is 95.5% 
of the estimated length and contains 95% of the BUSCO genes in the insect database. For a 
primarily short read derived assembly, it is quite contiguous, although additional high coverage 
long reads could improve it. 83.1% of the gene models are complete and 86.4% of genes are 
annotated suggesting a good quality draft annotation.  This reference can facilitate the use of 
reduced-representation or lower coverage sequencing approaches in future studies, potentially 
addressing questions on the biology of the Neuroptera, the improved application of Chrysoperla 
lacewings to biological control, or the impact of evolutionary processes such as speciation and 
natural selection in this emerging model organism.  
We applied this resource to explore orthogroups associated with courtship and mating 
behavior, and identified two promising targets seemingly expanded in Neuroptera relative to 
Coleoptera. This expansion may be related to the critical importance of substrate-borne 
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vibrational signals for successful courtship and copulation in many neuropterans. More robust 
comparative genomic analysis will be possible as more genomes are assembled and annotated for 
the Neuroptera and their relatives.   
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Tables and figures 
Table 1. Statistics calculated with Quast on the contigs of 500 bp or larger for best assembly 
from each assembler before and after redundans scaffolding and heterozygosity reduction, and 
the final assembly after contaminant and mitochondrial scaffold removal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 k-mer N50 Length # Contigs 
ABySS 97 6,536 696,784,456 201,286 
ABySS Redundans - 8,868 562,798,940 122,075 
SOAPdenovo2 113 7,319 724,434,118 198,067 
SOAPdenovo2 Redundans - 10,204 563,951,406 122,133 
SPAdes 37 – 127 7,749 710,568,935 197,205 
SPAdes Redundans - 11,137 563,475,872 117,043 
MaSuRCA 105 21,655 749,801,350 74,241 
MaSuRCA Redundans - 25,813 624,143,121 42,003 
Final Assembly - 26,110 616,666,273 40,488 
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Table 2. Presence of the genes from the BUSCO insect database in the final assembly.  
 
 Count Percent 
Complete 1578 95.2% 
Complete single-copy 1403 84.6% 
Complete duplicated 175 10.6% 
Fragmented 31 1.9% 
Missing 49 2.9% 
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Table 3. Summary statistics on the final gene set after filtering calculated by gFACs. 
 
Total genes 28,842 
Monoexonic genes   7,184 
Multiexonic genes 21,658 
Complete genes 24,590 
5' incomplete genes   2,348 
3' incomplete genes   1,735 
5' and 3' incomplete genes      169 
Average gene size (bp)     4,268.6 
Average exon size (bp)         303.7 
Average CDS size (bp)       1242.9 
canonical splice sites (%)            99.8 
GC content (%)            34.4 
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Table S1. Mitochondrial gene features annotated by Mitos. 
 
Feature Start Stop Strand Length 
tRNA I 152 216 + 65 
tRNA Q 291 359 - 69 
tRNA M 362 429 + 68 
NAD2 430 1443 + 1014 
tRNA C 1442 1504 - 63 
tRNA W 1505 1572 + 68 
tRNA Y 1575 1642 - 68 
COX1 1653 3188 + 1536 
tRNA L2 3184 3248 + 65 
COX2 3274 3960 + 687 
tRNA K 3941 4011 + 71 
tRNA D 4012 4076 + 65 
ATP8 4077 4235 + 159 
ATP6 4229 4906 + 678 
COX3 4906 5694 + 789 
tRNA G 5694 5758 + 65 
NAD3 5759 6112 + 354 
tRNA A 6111 6176 + 66 
tRNA R 6178 6241 + 64 
tRNA N 6241 6307 + 67 
tRNA S1 6308 6374 + 67 
tRNA E 6378 6445 + 68 
tRNA F 6444 6509 - 66 
NAD5 6490 8214 - 1725 
tRNA H 8236 8299 - 64 
NAD4 8299 9636 - 1338 
NAD4L 9630 9926 - 297 
tRNA T 9929 9992 + 64 
tRNA P 9993 10058 - 66 
NAD6 10072 10569 + 498 
COB 10569 11705 + 1137 
tRNA S2 11704 11771 + 68 
NAD1 11798 12727 - 930 
tRNA L1 12750 12813 - 64 
rRNA L 12791 14101 - 1311 
tRNA V 14121 14191 - 71 
rRNA S 14190 14969 - 780 
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Figure 1. Chrysoperla carnea adult. Photograph by Dr. Peter Duelli. 
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Figure 2. Illumina filtered k-mer count density. Calculated by bbmap for k-mer sizes 21, 23, 25, 
27, 29. The double peaks are characteristic of genomes with high heterozygosity.  
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Figure 3. Orthogroup overlap between C. carnea genome (blue), C. pallens transcriptome 
(green), and coleopteran reference genomes (pink). 
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Evolutionary history of the Chrysoperla carnea species group 
 
Katherine L Taylor, Elizabeth Wade, Charles S Henry 
 
Introduction: 
Rapid radiations provide insight into the origins and maintenance of biodiversity (Grant 
& Grant, 2011; Seehausen, 2006). When bursts of lineage splitting are recent, we can capture 
and interpret much of the diversification process still preserved in the genome. Model 
evolutionary organisms have shown us that the diversification process can proceed in many ways 
(Rundell & Price, 2009; Schluter, 2001). 
Lineages may exploit ecological opportunity and produce adaptive forms. Well known 
examples of adaptive radiations include Darwin’s finches, the Anolis lizards, and African cichlid 
fishes (Grant & Grant, 2011; Losos, 2011; Seehausen, 2006). Diversification with minimal 
ecological or morphological differentiation is also possible. Non-adaptive radiations have been 
described in Plethodon salamanders and in some land snails (Cook, 2008; Kozak et al., 2006). 
The evolutionary trajectories for radiating species may either be unique, or repeated as seen in 
Anolis lizards and Hawaiian stick spiders inhabiting different islands (Gillespie et al., 2018). 
Repeated radiations seem to be rare, most often seen among closely related taxa, poor dispersers, 
and inhabitants of islands or lakes (Losos, 2010).  
While traditional models of speciation assume that gene flow ceases early in the process, 
diversification may proceed with or without introgression (Harrison & Larson, 2014). 
Hybridization and introgression are not rare, especially in recently diverged organisms (Mallet, 
2005). Scientists studying disparate organisms have recently begun to appreciate the extent to 
which species diversify and persist even in the presence of gene flow, for example in the 
Heliconius butterfly and cichlid fish radiations (Malinsky et al., 2018; Martin et al., 2013).  
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Potentially, introgression could even be a driver of diversification (Seehausen, 2004), or a source 
of adaptive alleles (Pardo-Diaz et al., 2012).  
The Chrysoperla carnea-group	
 In this work we will, for the first time, use genome-wide genetic markers to describe the 
diversification process in the recent and rapid radiation of the Chrysoperla carnea species group. 
Vibrational courtship songs (Henry et al., 2013), cryptic morphology (Brooks, 1994; Thierry et 
al., 2010), and ecological niche differences (Duelli et al., 2014) revealed a group of more than 20 
morphologically cryptic sibling species in the Chrysoperla carnea-group (Neuroptera: 
Chrysopidae).  Members of this cryptic species complex can be found nearly worldwide, with 
broad distributions across the Holarctic realm, the Indian subcontinent, and Africa (Henry et al., 
2013). Their premating duets, produced by whole-body tremulation and transmitted through 
plant substrates, are thought to be strong barriers to introgression and the most reliable diagnostic 
criterion for species identification (Henry et al., 2013; Noh & Henry, 2010). Different ecological 
niches or allochrony further separate some of the sympatric species in this group (Tauber & 
Tauber, 1981; Thierry et al., 2011). Low mitochondrial sequence divergence (Price et al., 2015) 
suggests that the more than twenty distinct lineages in this group have diversified in the last 
250,000 years (Papadopoulou et al., 2010).  
Acoustic, morphological, and ecological evidence for species boundaries 
The mating signals produced by lacewings in the Chrysoperla carnea-group are 
composed of multiple features that vary between species, yet are relatively invariant within each 
species. Within-species temporal and frequency features have been shown to vary by 12–20% 
and 2–12%, respectively (Henry et al., 2013). Many of these song characteristics are genetically 
determined, controlled by few loci of large effect (Henry et al., 2002). Lacewings will respond to 
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interspecific signals at low rates, yet occasional responses seem not to be sufficient to sustain the 
courtship duet through to copulation (Noh & Henry, 2010). No field-caught hybrids have been 
reported, though many of the sympatric species are syntopic and synchronic and thus 
opportunities for hybridization are apparent. 
These song-delineated groups are morphologically cryptic and difficult to tell apart by 
morphology alone, even for taxonomic experts. Yet, detailed study has revealed morphological 
features or suites of features that have been used to distinguish many of the song-delineated 
groups. Morphological features, including the dilation of the base of the pretarsal claws, facial 
markings, and ground coloration of the body, sometimes differ among species (Brooks, 1994; 
Thierry et al., 2010). However, the utility of these characteristics for species determination is 
limited by intraspecific variation and the qualitative nature of the described traits. 
Ecological associations can also discriminate among these distinct lineages. While some 
species dwell in and around evergreen conifers, others are associated with deciduous trees or 
herbaceous plants (Duelli et al., 2014; Macleod, 1967; Tauber & Tauber, 1977; Thierry et al., 
2011). Species also seem to vary in life cycle timing and the cues that initiate and terminate 
diapause, but these traits have not been clearly linked to the song-delineated lineages (Tauber et 
al., 1977; M. J. Tauber & Tauber, 1973). 
An unknown evolutionary history 
Despite morphological, ecological, and acoustic evidence of isolated lineages in the 
carnea-group, all prior attempts to reconstruct the phylogenetic history of the group fail to 
provide support for expected species boundaries. Analyses with mitochondrial sequence data that 
include multiple individuals of each species suggest rampant polyphyly across the C. carnea 
complex (Haruyama, Naka, et al., 2008; Lourenço et al., 2006; Price et al., 2015). General 
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patterns of species placement in mitochondrial phylogenies suggest geographic clades with 
multiple evolutionary changes in the morphological, ecological, and acoustic characteristics that 
are known to vary among species. Apparent polyphyly of mitochondrial haplotypes may be the 
result of incomplete lineage sorting or mitochondrial capture rather than a reflection of the 
complete evolutionary history of the group. Sanger sequencing of a small number of nuclear 
genes has proved insufficient to resolve relationships within the carnea-group (Haruyama, 
Mochizuki, et al., 2008). As in other rapid radiations, a large number of loci from across the 
nuclear genomes will likely be necessary to resolve the true evolutionary history of the carnea-
group (Nadeau et al., 2013; Wagner et al., 2013). 
The lack of reliable phylogenetic resources has contributed to taxonomic instability and 
species delimitation troubles in the carnea-group (Henry et al., 2013; Price et al., 2015; Thierry 
et al., 2011). Scientists studying these insects have applied different species boundaries and 
naming conventions, making literature across research groups difficult to interpret. Confusion 
and controversy over species delimitation may have hindered ongoing study of this once-
emerging speciation study system. 
 Lacewings in the genus Chrysoperla are among the most important biological control 
agents used against insect agricultural pests (Pappas et al., 2011). Chrysoperla carnea-group 
insects sold for biological control are often incorrectly identified (Henry & Wells, 2007). 
Researchers and biological control companies agree that an understanding of the systematics of 
the carnea-group is needed to inform decision-making regarding their use in integrated pest 
management strategies (Henry & Wells, 2007; Pappas et al., 2011; Tauber et al., 2000).  
Proposed diversification processes 
With current data we cannot evaluate the multiple existing explanations for the rapid 
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diversification in the carnea-group. Tauber and Tauber (reviewed in Tauber & Tauber, 1981) 
have proposed a process of speciation through life cycle switches and resultant breeding 
asynchrony in sympatry. The species used as the basis of their sympatric speciation model, 
Chrysoperla plorabunda and Chrysoperla downesi, are not supported as sister species in recent 
mitochondrial phylogenies (Price et al. 2015). Thierry et al. (2011) have proposed that 
competition between carnea-group lacewings for resources has led to ecological specialization 
on habitat types and that songs evolved later as secondary barriers to hybridization. The two 
populations that seemed to demonstrate ecological character displacement, called ‘C. affinis a’ 
(song-delineated species C. agilis) and ‘C. affinis s’ (song-delineated species C. carnea), seem to 
not be sister lineages based upon mitochondrial phylogenies, and have distinct mating songs. 
Henry et al. (2013) proposed speciation through sexual selection, facilitated by habitat 
heterogeneity and the geographic isolation of small populations. However, Noh and Henry 
(2015) found only weak support for the idea that sexual selection is acting on the same song 
elements that are used for species recognition, and thus there is limited evidence supporting a 
continuous process beginning with female choice that leads to speciation through divergent 
species recognition mechanisms. It is unclear which of the above explanations is closest to the 
truth; perhaps all of these factors played a role in the diversification of this clade. 
Plausible evolutionary scenarios 
A. Groups with shared ecological niches 
Suites of potentially adaptive traits appear together in multiple carnea-group species with 
similar ecological niches on different continents. This morphological and acoustic similarity 
could be explained by descent from a single ancestor sharing those traits and the same niche. For 
example, conifer-associated carnea-group species have a dark green ground color and retain that 
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color through the winter, while other species occupying deciduous vegetation have a lighter 
green ground coloration and turn shades of brown to match their habitat with the seasons (Duelli 
et al., 2014). Conifer-associated species also tend to perform relatively long courtship signals 
composed of many short bursts of sounds before waiting for a response from a duetting partner. 
This pattern could be explained by a single origin of this suite of traits (i.e., conifer-feeding, 
dark, unchanging coloration, and long courtship signal) in the common ancestor of a clade of 
closely related species. In that case the occurrence of conifer species on multiple continents 
could be explained by the strong dispersal ability of these species (Duelli, 1984). 
B. Geographic groups 
Patterns in mitochondrial DNA phylogenies suggest that lacewings found on the same 
continent are most closely related (Price et al., 2015). However, this is not supported by the 
taxonomic distribution of morphological or acoustic traits, and is unexpected for organisms with 
strong dispersal abilities. This scenario implies multiple convergent evolutionary change in 
numerous traits, which could possibly be due to similar evolutionary pressures acting on a shared 
genetic background.   
C. A history of introgression 
Among the recently diverged members of the Chrysoperla carnea-group, mitochondrial 
analyses (Price et al., 2015), behavioral song response data (Noh & Henry, 2010), and frequent 
syntopy suggest that current or historical introgression might be possible. Patterns of complex 
traits observed in the carnea-group might be explained by introgression, for example in the dry-
associated ‘mohave’ ecotype. Two undescribed species, ‘Chrysoperla mohave 1’ and 
‘Chrysoperla mohave 2’, have distinct pale body coloration, dark cross veins, red facial and 
abdominal markings, specific diapause emergence cues, and a set of habitat associations unlike 
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other members of the carnea-group. This complex suite of traits seems closely associated with 
dry climates and less green foliage. The two ‘mohave’ types each share a vibrational mating 
song with another parapatric species from western North America, either Chrysoperla johnsoni 
or Chrysoperla downesi. Adaptive introgression between the two ‘mohave’ types could explain 
the presence of this suite of desiccation-related traits in the two song groups.  
Goals  
With genome-wide genetic markers, we explored the evolutionary history of the rapidly 
diversifying Chrysoperla carnea group. We reconstructed species relationships within the group 
using phylogenetic methods and identified genetic groups using population clustering methods. 
We additionally tested for evidence of introgression in the diversification history of the clade. 
Specifically, we explored support for three evolutionary scenarios outlined above, i.e., (A) 
groups with shared ecological niches, (B) geographic groups, and (C) a history of introgression. 
This work identified the patterns of diversification in the recent and rapid radiation of 
Chrysoperla carnea-group species and serves as a road map for future work in this unique 
system for the genomic study of speciation. 
METHODS: 
Taxon sampling 
 Samples were selected from Charles Henry’s collection of preserved (dry frozen or 
frozen in EtOH) lacewings. Specimens were identified before preservation by Charles Henry or 
Peter Duelli based upon song and morphology. Two to seven individuals of each described 
species and ecotype were selected for sequencing, with individuals selected from as many 
distinct regions of their range as possible (Table 1).   
RAD sequencing, locus construction, and quality control 
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Samples from each species and ecotype were spread evenly across three RAD sequencing 
libraries. The libraries were constructed with the SbfI restriction enzyme at the Institute for 
System Genomics at the University of Connecticut, and each pool was sequenced on two lanes of 
an Illumina HiSeq 4000. The reads were demultiplexed using process_radtags in the STACKS 
2.0 pipeline (Rochette et al., 2019) with no quality control filters enabled. Illumina adaptors and 
low-quality regions were trimmed with Trimmomatic (Bolger et al., 2014). Quality-controlled 
reads were aligned to the Chrysoperla carnea reference genome (SUB6529655) with BWA (Li 
& Durbin, 2009), and the SAM file outputs were converted to sorted bam files using SAMtools 
(Li, 2011). Loci were constructed with the default setting of gstacks in the STACKS 2.0 pipeline 
(Rochette et al., 2019).  
Loci potentially from contaminant sequence were identified and removed based upon a 
BLAST (Camacho et al., 2009) search of the loci catalogue against the NCBI nucleotide 
database. Low complexity loci with average GC content less than 10% and loci average GC 
content higher than expected from these organisms, greater than 50%,, were removed from the 
catalogue. Loci present in fewer than four individuals were also removed. 
Single nucleotide polymorphisms (SNPs) in the catalogue loci were output with the 
populations module of STACKS 2.0 (Rochette et al., 2019). SNPs with a mean depth of greater 
than 12,000, or minor allele count of less than 2, were filtered with VCFtools (Danecek et al., 
2011). Chrysoperla carnea-group individuals with sequence at fewer than 1000 sites or with less 
than 10% of reads passing quality control and mapping to the reference genome were removed 
from the analysis. The full SNP datasets contained 166,630 variable sites for 126 individuals 
across all 22 carnea-group species and four outgroup species.  
Phylogenetic reconstruction 
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The maximum likelihood phylogeny was generated with IQtree (Minh et al., 2020), from 
a concatenated SNP matrix of the 126 individuals. A transversion model with empirical base 
frequencies and three rate categories (TVM+F+R3), was selected based upon BIC with 
ModelFinder (Kalyaanamoorthy et al., 2017), and the proportion of invariant sites was fixed at 
zero. One hundred maximum likelihood non-parametric bootstrap replicates were calculated in 
IQtree to measure the support for tree edges. Site concordance factor was calculated across one 
thousand quartets in IQtree to assess conflict in the data set.  
Coalescent-based species trees were produced by quartet sampling with SVDquartets 
(Chifman & Kubatko, 2014) as implemented in PAUP* (Swofford, 2003). For this analysis, each 
monophyletic cluster of individuals hypothesized to be conspecific (based upon mating signal 
identification) was treated as a species. Three individuals resolved outside of monophyletic 
species clusters, 171 adamsi, 134 plorabunda, and 096 carnea were removed, and as C. johnsoni 
did not form a single monophyletic cluster, it was separated into two monophyletic groups 
‘johnsoni A’ and ‘johnsoni B’. All quartets in the data set were examined for species-tree 
topology construction. One hundred bootstrap replicates, each examining 100,000 random 
quartets representing 1.37% of the total quartets, were calculated to assess support for the 
topology obtained from all quartets. Branch lengths for the fixed species-tree topology were 
estimated with PAUP* (Swofford, 2003). A general time reversible model with empirical base 
frequencies, gamma shape rate parameter, and the proportion of invariant sites fixed at zero was 
used for branch length estimation. All phylogenetic trees were plotted using FigTree (Rambaut, 
2012). Summarized geographic and ecological associations for each species were displayed on 
each tip along with a representative courtship song oscillogram. Oscillograms for each species 
were selected from the published literature (Henry, 1992; Henry et al., 2013, 2018, 2019). 
	 32	
Population genomics 
 Population genetic structure was assessed on an unlinked loci set, one randomly selected 
SNP from each RAD locus, with Bayesian clustering implemented in STRUCTURE (Pritchard 
et al., 2000). All individuals in the dataset were clustered into 1–22 populations (k) in three 
independent runs for each k value over 50,000 iterations with the first 5,000 discarded as burn-in. 
The mean probability of the data for each value of K, L(K), and the change in log probability of 
the data for successive k values, Delta K (Evanno et al., 2005), were calculated and plotted with 
STRUCTURE HARVESTER (Earl & vonHoldt, 2012). For the values of k with high L(K) and 
Delta K the three runs were summarized using CLUMPP (Jakobsson & Rosenberg, 2007) using 
the greedy algorithm or large K greedy algorithm executed across all possible input orders. The 
population assignments calculated with CLUMPP were plotted using the R package strataG 
(Archer et al., 2017). 
Introgression analysis 
 Hybridization was identified based on deviations from expected site pattern frequency as 
calculated by the Python script HyDe (Blischak et al., 2018). Only monophyletic species clusters 
were used in this analysis. The individuals removed from species-tree estimation were also 
removed from introgression tests. The three-taxon test was run on all possible combinations of 
ingroup triplets for a total of 5,313 tests. The clade of all non-carnea group samples was used as 
the outgroup for all tests.    
Results 
Phylogenetic reconstruction 
Bifurcating phylogenetic trees were inferred using maximum likelihood (Fig 1) and the 
species-tree method SVDquartets (Fig 2). The maximum likelihood approach resolved the 
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majority of song species as monophyletic and both approaches resolved primarily geographic 
groupings above the species level. Conflicting signal or lack of signal resulted in low support 
values for some clades, especially in the non-conifer associated North American species and for 
some deeper branches in the tree. Outside of that group, a single C. carnea individual from Iran, 
096 carnea, is nested within with C. heidarii, possibly due to sample mis-identification, mix-up, 
or overlooked data quality problems. 
Species clustering 
Individuals were clustered into five, nine, or 16 genetic groups (Fig 3). When clustered 
into five groups, clear clusters emerged for each of the four major geographic groups. The fifth 
cluster contains primarily the species C. carnea. Many individuals from European and West 
Asian species and all of the North American conifer-associated species have some probability of 
assignment to the fifth cluster containing C. carnea. With larger numbers of clusters more 
individual species groups emerged, but also the conflicting signals in the dataset became clearer. 
For example, C. lucasina and C. heidarii individuals never seemed to cluster clearly into any 
group; this may be due to the small number of individuals representing these species or high 
levels of missing data for these samples. Other species, including C. zastrowi sillemi, C. carnea, 
and ‘C. mohave 2,’ each comprised multiple individuals with a high probability of assignment to 
more than one cluster at multiple values of K.  
Introgression analysis 
 Of the 5,313 potential species triplets in the dataset, 149 showed significant evidence of 
introgression (Table 2). One of the significant triplets included the two ‘mohave’ types and C. 
johnsoni B (the species with which ‘C. mohave 1’ shares a song), showed significant evidence of 
introgression. C. johnsoni A was involved in more significant introgression tests than any other 
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species in the analysis, a total of 26 tests. Seven of those significant triplets involved C. johnsoni 
A and C. johnsoni B. This suggests that introgression may underlie the two distinct phylogenetic 
clusters this species forms in the maximum likelihood and species phylogenies.  
Discussion 
In this study, we have begun to unravel the evolutionary history of the carnea-group, a 
task made challenging by the recent and rapid diversification of the group and its history of 
introgression. Despite these challenges we now have the clearest picture yet of the evolutionary 
history of the Chrysoperla carnea species group. We find that the	deepest	phylogenetic	structure	groups	species	by	geography, with four major groups: the European and West Asian 
species, the North American species, the East Asian species, and the southerly species. Each 
forms a distinct group in all analyses. These geographic clades with replicated radiation on each 
continent are unexpected given the formidable dispersal abilities of these insects (Duelli, 1984), 
but align with prior mitochondrial DNA analyses (Price et al., 2015). Rather than species that 
share morphological, ecological, or behavioral traits being closely related, the overall topology 
indicates multiple evolutionary origins of similar habitat associations, body coloration, and 
mating song features. For example, among the conifer associates C. downesi, C. calocedrii, C. 
duellii, and C. mediterranea, only the two North American forms C. calocedrii and C. downesi 
are closely related. The general patterns of diversification in the group suggest convergent or 
parallel evolution of multiple traits, perhaps underlaid by a replicated adaptive radiation and 
ecological niche-filling on each continent. This replicated evolution of ecomorphs is similar to 
the replicated divergence found in some island taxa like the Anolis lizards and Hawaiian stick 
spiders (Gillespie et al., 2018; Losos, 2011), but unexpected between continents and for 
organisms with strong dispersal capabilities (Losos, 2010).  
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Overall, we find strong support for monophyletic grouping or genetic clustering of most 
of the behaviorally, ecologically, and morphologically delineated species, with the notable 
exception of the non-conifer associated species and ecotypes in North America (C. plorabunda, 
C. adamsi, C. johnsoni, ‘C. mohave 2’, and ‘C. mohave 1’), potentially due to very recent 
divergence. Morphological traits, to some extent, seem to correspond to groupings above the 
species level; for example, C. lucasina and C. heidarii cluster together in both phylogenies and 
share a dark stripe on the pleuron of the second abdominal segment, a feature not observed in 
other species in the group (Henry et al., 2014).  
The species with similar song characteristics are not closely related. This finding supports 
the hypothesis of multiple parallel speciation and the evolution of identical mating song on 
different continents in the Chrysoperla carnea-group (Henry et al., 1999, 2012, 2014, 2019). 
This convergence has been proposed to be caused by a random process that can generate 
functionally similar song types in geographically isolated areas through simple genetic control 
and competitive reproductive exclusion due to limited acoustic niche space. Alternatively, this 
could result from adaptation to different transmission qualities of plant substrate, but 
experimental evidence does not support that notion (Henry & Wells, 2004).  
With this large dataset of genome-wide nuclear markers, we find that it is possible to 
distinguish most of the carnea-group species. A large number of loci from across the genome 
have been necessary to differentiate species in other rapid radiations (Wagner et al., 2013). 
Future development and testing of markers for identification based upon this dataset could allow 
other scientists to quickly and accurately identify many of these cryptic species. This will be 
especially useful for commercial insectaries and scientists working to improve the application of 
these generalist predators for biological control of crop pests. For example, identification of 
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insectary stocks to species is critical for targeting the inundative release of carnea-group species 
to the correct crop type and best ecological context.  
Prior discordance observed in the mitochondrial dataset was expected to be due to 
incomplete lineage sorting or introgressive hybridization. It is therefore not surprising we found 
support for these very recently diverged song lineages persisting with a history of gene flow and 
introgression. There is strong evidence in particular that introgression has played a role in the 
diversification of Chrysoperla johnsoni, as supported by the significant tests for introgression 
involving those groups, placement of this clade into two clades in the phylogenetic trees, and 
patterns of population clustering. We furthermore predicted that introgression may have played a 
role in the acquisition of either song or desiccation tolerance traits in the ‘mohave’ ecotypes, and 
we found some support for this idea in the significant test for introgression involving these 
species. These findings of introgression suggest that potentially some regions of the genome may 
be free to introgress, while those regions related to barrier behavioral and ecological traits have 
remained distinct, as has been found in Heliconius butterflies (Martin et al., 2013). Alternatively, 
the history of introgression may have at least in part fueled radiation.  
Overall, we significantly advance the understanding of the evolutionary history of 
Chrysoperla carnea-group lacewings. We show for the first time that molecular evidence 
supports the species known from song, morphology, and ecology. We find a repeated radiation 
of ecomorphs in North American and Eurasia. Furthermore, we have come to appreciate the role 
of introgression in the divergence of these lineages. Going forward, scientists can begin to 
synthesize forty years of descriptive work on these taxa by linking this genetic data with 
morphological, behavioral, and ecological data. 
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Tables and figures 
 
Figure 1. Maximum likelihood phylogeny inferred for the Chrysoperla carnea-group of species 
with IQtree using the TVM+F+R3 model of evolution. Bootstrap replicate values are displayed 
first on branches followed by site concordance factors.  
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Figure 2. Species tree of the Chrysoperla carnea-group calculated with SVDQuartets. Bootstrap 
replicate values are displayed on the branches. General geographic area for each species is 
indicated by color: blue for North America, orange for Europe and West Asia, purple for East 
Asia, and red for southerly species. Habitat association is indicated by color: dark green for 
evergreen conifer-associated species, light green for species with mixed habitat association, and 
yellow for field or meadow associated species. Representative oscillograms of courtship signals 
are taken from the primary literature (see text for references).  
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Figure 3. Genetic cluster inference with STRUCTURE. A. Mean log likelihood of the data for 
each number of clusters (K). B. Increase in likelihood (Delta K) for each successive value of K. 
C. Group assignment probability for each individual in 5, 9, and 16 clusters. 
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Candidate genomic region for species-specific mating song in lacewings 
Katherine Taylor, Elizabeth Wade, Marta Wells, Charles Henry 
Introduction 
Identifying the genomic underpinnings of traits important to reproductive isolation has 
the potential to inform our understanding of the process of speciation. Determining the number, 
relative positions, and effect size of loci underlying these traits is fundamental to understanding 
the dynamics of the speciation process (Coyne, 1992; Templeton, 1981). With access to 
abundant and affordable sequencing data and genomic resources for many organisms, we are 
beginning to answer these long-standing questions (Seehausen et al., 2014; Wu & Ting, 2004). 
Researchers have begun to identify the genetic underpinnings of traits important to reproductive 
isolation in many different organisms (Blankers et al., 2019; Kronforst et al., 2006; Nosil & 
Schluter, 2011).  
Species-specific mating signals often facilitate divergence and speciation in rapid 
radiations (Wilkins et al., 2013). Drosophila and crickets in the genus Laupala are two insect 
groups with species-specific acoustic signals performed by males prior to mating. The 
mechanism of song production is quite different in these groups. Drosophila sing with wing 
vibration while Laupala use stridulatory organs to produce sound. Both types of acoustic signals 
are critical to reproductive isolation between species. The genetic basis of insect mating signals 
has been most extensively explored in Drosophila and Laupala. In both genera, mating song 
phenotypes are controlled by many genomic loci (Mullen & Shaw, 2014). 
In Laupala, mating signals have been associated with between seven and nine 
quantitative trait loci (Blankers et al., 2019). Genetic linkage between signal phenotype and 
signal preference has been demonstrated in multiple species pairs (Shaw & Lesnick, 2009; Wiley 
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et al., 2012; Xu & Shaw, 2019). Tight genetic linkage between these traits may facilitate rapid 
speciation in the Laupala group (Xu & Shaw, 2019). 
 In Drosophila melanogaster, many genes have been identified that are necessary for the 
production of typical song phenotype or for the perception of that phenotype (Gleason, 2005; 
Greenspan & Ferveur, 2000). These genes have a wide variety of other functions, including sex 
determination, control of circadian rhythms, wing function, and sensory organ function (Gleason, 
2005; Greenspan & Ferveur, 2000). However, genes and mutations known to modify mating 
signals in the laboratory are not necessarily the genes that drive species-specific difference in 
songs (Gleason, 2005).  
One approach to identify the genes that underlie a trait of interest that varies between 
lineages is the association of genomic regions with phenotypes in hybrid cross progeny. Those 
regions, or quantitative trait loci (QTLs), can be detected by examining the correlation of 
phenotypes to markers throughout the genome. With this approach, only regions related to the 
phenotype of interest that vary between the lines crossed will be identified. However, fine 
mapping of traits to small genomic windows, which is necessary to identify the actual 
evolutionary changes, is dependent on the number of individuals in the cross, recombination 
frequency, marker density, and strength of the effect of the loci (Broman, 2001; Mackay et al., 
2009).  
An alternate or complementary approach to identify regions containing traits important to 
reproductive isolation is genome scans for the signal of divergence (Seehausen et al., 2014). 
Calculating divergence statistics across the genome can reveal patterns related to selection or a 
lack of introgression near traits of interest. Divergence scans between populations have revealed 
great variance in divergence across the genome (Nosil & Feder, 2012). Highly diverged regions 
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may correspond to regions of the genome not free to introgress due to strong selection. In many 
cases it has been found that regions of high divergence are not related to admixture but rather to 
other demographic processes (Cruickshank & Hahn, 2014). However, between those lineages 
with current admixture we would still expect regions of the genome related to barrier loci to 
show greater differentiation (Campbell et al., 2018).   
Species in the Chrysoperla carnea-group of green lacewings are reproductively isolated 
by species-specific premating duets (Henry et al., 2013). Species in this morphologically cryptic 
group vary primarily in their mating signals. Lacewings produce vibrational courtship signals by 
vigorous but highly controlled shaking of the thorax and abdomen. Male and female lacewings in 
the carnea-group produce nearly identical signals that are exchanged in an intricate duet prior to 
copulation. These signals are thought, at least in part, to have driven the recent and rapid 
radiation of this species group (Henry et al., 2013). Crossing studies have found that mating song 
phenotypes in the carnea-group are genetically controlled by few loci of large effect (Henry et 
al. 2002), but to date, no loci underlying mating song phenotypes have been identified.  
In this species complex multiple pairs of sympatric species vary primarily in their 
courtship signals. In two instances, pairs of species in this group have been recognized as distinct 
based upon mating signals: Chrysoperla plorabunda and Chrysoperla adamsi, which co-occur in 
western North America, and Chrysoperla carnea and Chrysoperla pallida, which co-occur in 
western Europe.  All lack strong morphological and ecological differences (Henry et al., 1993; 
Henry et al., 2002). Individuals of each pair have been collected from the same fields at the same 
time and perform courtship songs that are similar in structure except for a consistent, major 
difference in one critical song feature, volley period. The mating signal of species in the carnea-
group may be composed of one or more bursts of sound. Volley period is the length of a single 
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burst of sound (Fig 1). Volley period difference is critical for reproductive isolation between the 
species in each of these two pairs (Henry et al., 1993; Henry et al., 2002).  
As both of these species pairs can be coerced into producing fertile hybrid offspring in 
the laboratory, we have the potential to associate the volley period with genomic regions using 
QTL mapping. Together with divergence scans, this approach can identify the genomic basis of 
mating song and point to those genomic regions underlying repeated and rapid speciation seen 
across the Chrysoperla carnea species-group.  
Herein, we identified the genomic underpinnings of volley period, a trait important to 
reproductive isolation, and began to reveal the genomic architecture of speciation in the 
Chrysoperla carnea-group. We estimated the number of loci underlying volley period and tested 
for genetic linkage between volley period phenotype and preference. Using QTL mapping, we 
identified a region of the genome associated with volley period. Finally, we scanned for signals 
of genomic divergence surrounding those loci as a potential second line of evidence to support 
our QTL mapping.  
Methods 
Collecting and laboratory rearing 
Chrysoperla plorabunda (Fitch) and Chrysoperla adamsi (Henry et al.) cross parents 
were collected in western Oregon, USA in 2015. The wild-caught Chrysoperla adamsi female 
was collected from shrubby vegetation near the top of Mary’s Peak, OR. The wild-caught 
Chrysoperla plorabunda male was collected from a clover field along a road in Benton, OR. 
Chrysoperla carnea (Stephens) and Chrysoperla pallida (Henry et al.) were collected from the 
same rooftop light in Zürich, Switzerland in 2016.  
All lacewings were laboratory-reared on a long day light cycle (16 hours light, 8 hours 
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dark) at 25 ± 1°C. Adults were kept in clear plastic 8 oz cups with a hole in the bottom for a 
cotton wick. Rearing cups were stacked inside a second clear plastic cup containing a water 
reserve, and covered by a petri dish lid. A 2:1:1 mixture of Wheast, honey, and water was 
provided ad libitum for adults. Larvae were reared in clear plastic 1 oz cups with snap-on lids. 
Sterile Ephestia kuchinella eggs were provided to the larvae ad libitum. 
Hybrid phenotypes 
Mating signals for all individuals were recorded in the laboratory at 25 ± 1°C using an 
optical microphone (see Henry et al., 2013 Figure 1). The wild-caught parents were identified to 
species by Charles Henry based upon mating signal. A single pair of wild-caught parents was 
induced to mate by confinement together in a single rearing container. F1 hybrid offspring were 
reared to adulthood and brother-sister mated to produce F2 hybrids. The most productive C. 
adamsi x C. plorabunda cross produced 78 F2 offspring. The most productive C. pallida x C. 
carnea cross produced 51 F2 offspring.  
Inheritance of song phenotype and song preference 
The minimum number of genetic components underlying volley period phenotype was 
estimated from the variance in the phenotype data from all crosses generated for each species 
pair (Lande, 1981). Mating signal preference was assessed in F2 offspring from C. pallida x C. 
carnea crosses by measuring the fidelity of response to computer-generated mating signals 
characterized by volley periods spanning the range of period lengths between the two parental 
species. Playbacks were conducted through an electronic shaker plate. The ten computer-
generated songs with different volley periods were played five times each, for a total of fifty 
signals presented to each F2 offspring individual in a random order. The weighted average of all 
volley periods to which the individual responded was used as a proxy for preferred period. 
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Individuals that responded to two or fewer of the fifty total signals played back were excluded 
from the analysis. The relationship between the signal an individual F2 produced and the signal it 
preferred was assessed with Pearson’s correlation coefficient. 
Sequencing and RAD locus construction 
Sequencing was completed only for the C. adamsi x C. plorabunda cross. DNA was 
extracted using a Qiagen DNeasy blood and tissue kit from the two parents founding the line, 13 
F1 individuals, and 78 F2 individuals. A reduced representation sequencing (RAD sequencing) 
library of all individuals was prepared by Floragenex with the PstI cutting enzyme and 
sequenced on two lanes of an Illumina HiSeq at the University of Oregon. Single-end 150 base 
pair reads were demultiplexed with the process_radtags scripts in the STACKS pipeline. Quality 
control and adapter content removal was performed with TRIMMOMATIC (Bolger et al., 2014). 
Reads were mapped against the reference assembly of Chrysoperla carnea (SUB6529655) with 
BWA (Li & Durbin, 2009), and RAD loci were constructed with default parameters in STACKS 
version 1.4 (Catchen et al., 2013). Two F2 individuals were excluded from the analysis, one 
based upon deviation from expected lacewing GC content distribution in the reads (mean > 
50%), and the second for high levels of missing data after the removal of significant adapter 
contamination. Loci with significant deviations (p < 0.05) from a X2 normality test (1:2:1) or 
with excessive missing data, along with 52 identical loci, were pruned using JoinMap 5 (Van 
Oojien, 2018). 
Linkage map construction and QTL mapping 
A linkage map was constructed using the regression mapping algorithm (Stam, 1993) in 
JoinMap 5 (Van Oojien, 2018). Associations between linkage groups and song phenotypes were 
detected with interval mapping (Lander & Botstein, 1989) as implemented in MapQTL 6 (Van 
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Ooijen, 2009). The significance threshold of 4.2 was determined by a permutation test in 
MapQTL 6 (Van Ooijen, 2009).  
Association of linkage groups and genomic scaffolds for divergence estimates and candidate 
gene identification 
Genomic scaffolds were associated with the linkage map using default settings in 
Chromonomer (Catchen et al., 2020). RAD sequencing data from six wild-caught C. adamsi and 
five C. plorabunda (phylogeny chapter data) were aligned to the scaffolds in the third linkage 
group with BWA (Li & Durbin, 2009), and RAD loci were constructed with STACKS 2.41 
(Rochette et al., 2019). Population divergence, measured as FST, was calculated for all variable 
sites where sequence was present in at least two individuals for each species, and smoothed FST 
was calculated over windows of 150 kilobases. The significance of FST values was determined 
with Fisher’s exact test. Genes in the region strongly associated with volley period were 
identified and their annotations were parsed. 
Results 
Phenotypes 
 Volley periods for F1 and F2 offspring in both species pairs were intermediate to the 
parental phenotypes, showing greater phenotypic range in the F2 phenotypes (Fig 1). The 
minimum number of genetic factors estimated to underlie volley period phenotype in the C. 
adamsi x C. plorabunda cross was 2.5. For the C. carnea x C. pallida cross the estimate was 5.7.  
Volley period phenotype and volley period preference of F2 hybrids of C. carnea and C. pallida 
were strongly correlated, r = 0.71 (Fig 2). 
Linkage map construction, QTL mapping and divergence scan 
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After filtering, 2,188 loci remained for two parents and 78 F2 offspring of the C. adamsi x 
C. plorabunda cross. Six linkage groups with LOD scores of ten and that included more than ten 
markers were identified as likely corresponding to the six chromosomes known for Chrysoperla 
carnea (Naville, & Jacques de Beaumont, 1936). A large portion of linkage group three is 
strongly associated with volley period phenotype (Fig 3). In several regions of linkage group 
three the LOD score is above the significance threshold determined by the permutation test.  
1,862 of the 40,501 genomic scaffolds representing ~12% of total length were able to be 
associated with the linkage map due to marker density and fragmentation of the genome. 
In the scaffolds associated with the linkage map, there were loci with higher and lower 
divergence interspersed across the linkage groups. However, no clear signal of increased FST was 
seen on linkage group three surrounding the putative volley period-associated region (Fig 4). 
Candidate genes 
 The scaffolds linked to the putative volley period QTL contained a total of 348 predicted 
genes. Three of those genes were associated with the gene ontology term for courtship behavior 
(GO:0007619). One of those predicted genes was doublesex, a gene necessary for vibrational 
mating signal production in Drosophila (Dauwalder, 2011; Rideout et al., 2010; Yamamoto & 
Koganezawa, 2013). The two other predicted genes associated with courtship behavior in the 
volley period QTL were Prospero and a gene highly similar to cap-specific mRNA (nucleoside-
2'-O-)-methyltransferase 2.  
Discussion 
We explored the underlying genomic source of reproductive isolation and speciation in a 
rapidly evolving lacewing group. Using QTL mapping for an F2 cross between Chrysoperla 
plorabunda and Chrysoperla adamsi we identified a large genomic region associated with 
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mating song phenotype. In that region we find the gene doublesex. This sex determination gene 
is necessary for typical song production in Drosophila (Dauwalder, 2011; Rideout et al., 2010; 
Yamamoto & Koganezawa, 2013). doublesex expression during development is required for 
connection between thoracic interneurons and wing motor neurons responsible for song 
production (Shirangi et al., 2016). We also found other candidate genes associated with courtship 
behavior. Fine-scale QTL mapping or functional validation with RNAi or CRISPR/Cas9 will be 
necessary to confirm the relationship between our identified candidate genes and volley period. 
Phenotype distributions in our crossing experiments suggest that we should expect more 
than 2.5 distinct regions to underlie volley period phenotype for this hybrid cross. Our QTL 
mapping identified a single large volley period-associated region. These findings align with 
previous estimates (Henry et al., 2002). Together with the prior literature our findings suggest 
that the genetic control of carnea-group mating signals may be simpler than the genetic control 
of mating signals in other insects (Blankers et al., 2019; Gleason, 2005; Greenspan & Ferveur, 
2000).  
Though we identified only one QTL region, other loci of small effect related to volley 
period are likely spread throughout the genome and undetected in this analysis. Our power to 
detect loci is dependent upon the effect size, and thus we expect a significant bias towards 
identifying only loci of large effect with this type of approach (Broman, 2001). Possibly, the 
large region and multiple peaks in our trait association mapping, and the multiple genes related 
to courtship behavior in that region, could indicate that multiple genes controlling volley period 
are located together in our QTL. However, the associated region may simply be large because 
fine-scale mapping is difficult with small numbers of recombination events and low marker 
density (Broman, 2001; Mackay et al., 2009). 
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Using divergence scans on a very small sample of wild-caught lacewings, we find some 
variants with elevated divergence in the volley period-associated genomic region. However, we 
do not find the large region of elevated FST we might expect to surround this trait critical to 
reproductive isolation. The divergence patterns observed here cannot further validate the putative 
region identified with QTL mapping. 
We found that song phenotype and song preference are tightly linked in F2 hybrids of C. 
carnea and C. pallida. This relationship post-recombination suggests that the two traits are 
controlled by regions of the genome that are very tightly linked, or alternatively controlled by the 
same locus or loci through pleiotropy. These findings do not agree with those of Noh & Henry 
(2015), an analysis that was performed on a smaller sample size and with a different mating 
cross within the same species group. Linkage between these traits could facilitate rapid 
speciation in these organisms by limiting recombination. Potentially, a single mutation event 
could simultaneously change both signal and preference, resulting in the immediate creation of a 
new reproductively isolated lineage. 
We have made significant steps towards characterizing the genetic architecture of 
speciation in the Chrysoperla carnea-group. Our findings suggest that a small number of loci 
underlie volley period, a mating song feature critical to reproductive isolation. We identified a 
single genomic region underlying volley period and multiple candidate genes. Additionally, we 
found evidence of genetic linkage between volley period phenotype and preference.  
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Fig 1. F2 hybrid cross phenotypes. A. Four-second oscillograms of vibrational mating signal of 
the four parent species are displayed above volley period histograms for parental, F1, and F2 
individuals from each cross. A single volley period for each of the parental species is indicated 
with a red line under the oscillogram. Arrows on the oscillogram indicate where a duetting 
partner would insert a response.    
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Fig 2. The correlation between the preferred volley period and the produced volley period of F2 
hybrid offspring of C. carnea and C. pallida.  
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Fig 3. A. Linkage map constructed from a Chrysoperla plorabunda and Chrysoperla adamsi F2 
cross. B. Association of volley period with each of the six linkage groups as measured by LOD 
score. The significance threshold determined by permutation test is indicated by a red horizontal 
line.   
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Fig 4. FST calculated for each variable site across the linkage map with point color indicative of 
significant test result. The plotted line is smoothed FST.  
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